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Introduction
Ammonia (NH 3 ) is a toxic gas presented in large quantities in air, soil, and water. Exposure to low concentrations (25-150 ppm) of ammonia might lead to irritation of human skin, eyes, and respiratory tract. Moreover, exposure to high ammonia concentrations (> 5000 ppm) severely affects human health and can eventually lead to death [1] . Therefore, monitoring of ammonia in the gas phase is a very urgent problem in various applications, from industrial hygiene and environmental protection in chemical industry to clinical diagnostics, etc. [2] So far a huge variety of chemical sensors of ammonia have been proposed, including those based on inorganic, inorganic oxide/dioxide, and conducting polymers [3] [4] [5] [6] [7] .
Among other materials, phthalocyanines, both unsubstituted (H 2 Pc) and metal complexes (MPcs), are organic p-type semiconductors widely used as chemiresistive gas sensors. Moreover, thin films of MPcs are promising for gas sensing applications due to their high chemical and thermal stability and noticeable variations of both conductivity and optical properties upon sorption of analyte gases [8] . It is worth mentioning that both sensitivity and response of MPcs to various analytes were found to depend on the nature of the metal atom and substituents in the aromatic ring as well as on the structure and molecular organization in the thin films [8] . Therefore, the peripheral substitution of the conjugated macrocycle of MPcs by electron-withdrawing or electron-donating groups is a facile way to vary sensitivity and selectivity of their films toward different analytes [9] [10] [11] [12] [13] . More specifically, the electron-withdrawing fluorine peripheral substituents alter the sensitivity of MPc species toward reducing gases [10] . For instance, fluorinated zinc phthalocyanine turned out to be less sensitive to oxidizing gases (SO 2 and NO 2 ) and more sensitive to reducing gases (e.g., NH 3 , H 2 ) [14, 15] . Furthermore, the same trends were observed in the electrical conductivity of ZnPc derivatives [16] in the presence of reducing gases (NH 3 and aliphatic amines), while ZnPcF 16 was noticeably more sensitive toward NH 3 and aliphatic amines than the unsubstituted ZnPc. Apart from this, the sensor response of thin films of hexadecafluorinated cobalt phthalocyanine (CoPcF 16 ) toward gaseous ammonia (concentration range from 50 to 1000 ppm) was also studied by total internal reflection ellipsometry [17] . Among other findings, it was demonstrated 3 that the specific binding of NH 3 molecules causes substantial shift of corresponding bands in the phase difference (()) spectrum due to the increase in film thickness and change of its optical parameters.
Note that detailed mechanistic understanding of the sensing action of MPcs at the molecular level is crucial for further development of sensors. To this end, various optical spectroscopy techniques, both electronic (e.g., UV-vis absorption and fluorescence) and vibrational, are widely employed [18] [19] [20] [21] [22] [23] [24] [25] . Since the vibrational spectroscopy techniques (IR and Raman) are sensitive to very tiny changes of the structure and environment at the molecular level, they are particularly useful for the study of relatively weak binding interactions between MPc substrate and chemical analytes [26] [27] [28] [29] . The IR absorption spectroscopy can also be employed for identification of the MPc polymorphs [30] [31] [32] .
On the other hand, modern quantum chemical (typically, density functional theory, DFT) calculations complement experiment in a very efficient way: viz., they provide valuable information concerning the structure of complexes of the adsorbed molecules (phthalocyanine-chemical analyte), their vibrational spectra, etc [27, 28, 33] . E.g., DFT calculations were used to calculate energies of formation and charge transfer properties of the complex of an analyte (methanol and ammonia) and ZnPc [27] .
At the same time, although the vibrational spectra of metal-free phthalocyanine (H 2 Pc) and a series of 3d-metal Pcs (e.g., CuPc, ZnPc, FePc, CoPc, NiPc) were studied in detail [34] [35] [36] [37] [38] , much less is known about vibrational spectra of their fluorinated counterparts MPcF 16 . To our knowledge, Raman spectra along with vibrational reorganization energies were reported only for CuPcF 16 [39] .
In the present contribution, we studied the sensor response toward ammonia vapor of hexadecafluorinated 3d-metal phthalocyanine (MPcF 16 , M=Cu(II), Co(II), Zn(II), Ni(II), Fig. 1 ) thin films. To this end, complementary experimental techniques (viz., surface plasmon resonance and IR absorption spectroscopy) along with theoretical calculations (DFT) were employed. Note that quantum chemical insight into the structure and energetics of the MPcF 16 … NH 3 complexes along with IR spectroscopy allows for deeper understanding of the sensing mechanism at the molecular level. Apart from this, we performed a detailed assignment of all intense bands in the vibrational spectra of fluorinated 3d-metal phthalocyanines studied.
Experimental details
Materials
Copper and cobalt hexadecafluorophthalocyanines (CuPcF 16 and CoPcF 16 ) were obtained from commercial suppliers (Aldrich) and were used after purification by gradient sublimation in vacuum (10 -5 Torr). ZnPcF 16 was synthesized in accordance with the technique described elsewhere [40] . experiments, and (100) silicon wafers were used for vibrational spectroscopy measurements. Raman spectra were recorded with a Triplemate SPEX spectrometer equipped with CCD detector in a backscattering geometry. The 488 nm, 100 mW line of an Ar-laser was used for excitation. Infrared spectra were recorded with a Vertex 80 FTIR spectrometer.
Deposition and characterization of thin films
Quantum chemical calculations
The IR and Raman spectra of MPcF 16 and their complexes with ammonia were calculated using density functional theory (DFT) at the B3LYP/6-311++G(2df,p) [41, 42] level of theory. All calculations 5 were performed using Gaussian 09 suite of programs [43] . The experimental frequencies below 170 cm -1 were not considered because of the strong mixing of external and internal vibrations in this range. The
Raman intensities were not calculated because of the resonant nature of the Raman spectra obtained using the excitation wavelength in the visible spectral range.
Evaluation of sensing properties
Surface plasmon resonance (SPR) measurements in the Kretschmann configuration were performed using MPcF 16 thin films deposited on gold coated glass substrates. The latter were brought into optical contact with a semi-cylindrical prism (refraction index n = 1.515) using an index-matching fluid. The prism/sample combination was placed on a -2 rotation table driven by a microprocessor-controlled stepper motor (angular resolution 0.01°). The accuracy of the optical system corresponds to about 10
shift of the resonance angle. Surface plasmon excitation was achieved by focusing a monochromatic ppolarised light beam of a He-Ne laser (λ=633 nm) onto the prism/sample interface. More detailed description of the SPR technique is given elsewhere [44, 45] . A gas cell sealed by the sample through a rubber O-ring was used to study the gaseous ammonia adsorption onto the MPcF 16 films. Kinetic SPR measurements of the intensity of reflected light at a fixed angle of incidence  * =44.2°, which was chosen to be close to the SPR minimum on the left side of the SPR curve [44] , were performed in situ during exposure to NH 3 vapor of the concentration 100 and 200 ppm. In order to study the adsorption kinetics in detail the gas was diluted by mixing with air to a certain pressure and then injected into the gas cell used for the SPR measurements.
Results and Discussion
Surface plasmon resonance study of sensor properties of the MPcF 16 thin films
As the first step of our study, we scrutinized the sensor response of the MPcF 16 (M = Cu(II), Co(II), Zn(II), Ni(II)) thin films toward gaseous NH 3 . To this end, the surface plasmon resonance (SPR) measurements were employed. Note that qualitatively similar results were obtained for all metal phthalocyanines (MPc) studied. Fig. 2 shows the typical SPR curves representing the variation of reflected intensity as a function of internal angle of incidence for the pure gold-coated substrate (curve a, black), the thin film of as-deposited CuPcF 16 (curve b, red), and the film exposed to NH 3 gas (curve c, blue), respectively. The reflected intensity of the monochromatic p-polarised light of wavelength λ=633 nm has a minimum when the incidence angle meets a resonance condition at θ SPR (Fig. 2 , curve a) [46] . It is seen from Figure 3 that the response values corresponding to the steady state of adsorption were achieved in 20 seconds in all cases except ZnPcF 16 ( Fig. 3(d) ). The recovery times of NiPcF 16 , CoPcF 16 and CuPcF 16 sensors are 15-20 seconds, while it is slightly longer (viz., 30 seconds) in the case of ZnPcF 16 film (Fig. 3(a-d)) . Moreover, the sensor responses were reversible and the films were found to be stable and exhibited no significant loss in sensitivity at least after a few tens of repeated cycles of measurements. Nevertheless, further studies are necessary to determine selectivity and the detection limit of the films. Fig. 3(a-d) ).
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In order to obtain more quantitative insight into the ammonia sensing process, we determined the changes of the film thickness d, refractive indices n, and extinction coefficients k (the latter are related to a complex dielectric permittivity via
) in the two cases: (a) pristine films of all MPcF 16 complexes studied and (b) those immediately after exposure to higher concentration of ammonia vapor (200 ppm). To this end, we fit the experimental SPR data by the Fresnel equations [47] . The details of a model employed are described elsewhere [48] . The results are summarized in Table 1 .
Note that the adsorption of analyte molecules (NH 3 in the present case) modifies to some extent the UV-vis absorption spectra of the MPcF 16 films and, consequently, the extinction coefficient k at a particular wavelength [12, 49] . This, in turn, leads to increase of the refractive index, since the two values n and k are not independent and obey the Kramers-Kronig relations [50] (cf. (Table 1) . Namely, adsorption of the gaseous ammonia results in a decrease of n and k values from 1.64 to 1.51 and from 0.26 to 0.20, respectively (Table 1) . Apart from this, the increase of film thickness during NH 3 exposure (Table 1) gives evidence of film swelling.
Sensor properties at the molecular level: study of binding of ammonia to MPcF 16 films by IR spectroscopy and theoretical calculations
Among the huge variety of experimental techniques, vibrational spectroscopies (IR and Raman) have been shown to be very useful for study of the surface structure and properties of thin films [51] [52] [53] [54] [55] . These techniques are particularly suitable in the case of MPcF 16 compounds with unknown crystal structure, because the commonly employed X-ray diffraction methods cannot be applied directly in this case.
Note, however, that the vibrational spectroscopy methods can give insight into the structure of thin films only provided that the detailed assignment of the vibrational spectra of the deposited species is available. Unfortunately, in the particular case of fluorinated 3d-metal phthalocyanines and their complexes with ammonia, these spectra have not been discussed in the literature. Therefore, we started from the detailed study of the vibrational spectra of MPcF 16 .
Experimental and theoretical study of vibrational spectra of MPcF 16
The MPcF 16 It is seen from Figs. 4 and 5 that almost all vibrational modes of the same nature (both in Raman and IR spectra) have very similar wavenumbers for all four MPcF 16 species studied. However, as was pointed out earlier [38] , the positions of some bands are dependent on the type of metal atom. More specifically, in the case of unsubstituted MPcs, the fundamentals lying in the spectral region between 1350 and 1500 cm -1 have been identified to be highly sensitive to the nature of the metal ion [36, 56] . In our case, we observed the similar features in the Raman spectra of MPcF 16 , namely, the position of this band varies from 1507 cm -1 for ZnPcF 16 to 1549 cm -1 for NiPcF 16 (Table 3 ). The normal coordinate of this vibration is mostly comprised of displacements of the C  -N β -C  bridges between the isoindole groups of the 9 phthalocyanine macrocycle (Tables 2 and 3 ) [36] . It is also worth mentioning that the variation of wavenumber of this band correlates well with the metal ion size. DFT geometry optimization yields the following values for the cavity size (more precisely, the N  -M-N  distance) of the metal phthalocyanines:
Zn (4.00 Å) > Cu (3.94 Å) > Co (3.88 Å) > Ni (3.84 Å). These values are slightly higher (by ~ 0.05 Å)
than those for the corresponding unsubstituted metal phthalocyanines [36] .
Another group of fundamentals of medium intensity at 1287, 1283, 1273, and 1266 cm -1 for NiPcF 16 , CoPcF 16 , CuPcF 16 , and ZnPcF 16 , respectively, involves isoindole deformations (Fig. 5 , Table 3 ). Apart from this, the fundamentals in the range 1130-1160 cm -1 are also sensitive to the central metal because they correspond to isoindole ring deformation coupled with C  -N  -C  and C  -N  in-plane vibrations (Table 3 ). Another group of fundamentals at 937-955 cm -1 was attributed to the isoindole breathing along with stretching of M-N  (Table 3) . Finally, there are two groups of fundamentals in the wavenumber regions 230-280 cm −1 and 350-400 cm -1 (Fig. 5 , Table 3 ) dominated by M-N  in-plane and out-of-plane stretching vibrations. In addition, some bands sensitive to the nature of the metal ion are also present in the IR spectra. These fundamentals lie in the wavenumber region 1440-1530 cm -1 (Fig. 4, Table 2 ).
Vibrational spectra of MPcF 16 upon exposure to ammonia vapor
After detailed assignment of vibrational spectra described in the previous section, we studied the IR spectra of the films before and after exposure to ammonia (200 ppm). The frequency shifts of the selected vibrational bands in the IR spectra of all four MPcF 16 derivatives upon exposure to NH 3 are listed in Table 4 . It is seen from Table 4 that the most pronounced shifts in the IR spectra were observed in the case of ZnPcF 16 . The typical spectra of ZnPcF 16 before (a) and after (b) exposure to NH 3 are presented in Figure 6 . Along with experimental data, the calculated vibrational frequencies of the MPcF 16 … NH 3 complexes are also presented in Table 4 . It is worth mentioning that the NH 3 indeed forms the complex with MPcF 16 by coordination to the metal center rather than to the peripheral fluorine atoms. For instance, in the case of ZnPcF 16 , the simple B3LYP estimations yielded the former complex to be ~15 kcal/mol more favourable on the enthalpy scale. This fact also agrees well with existing data on unsubstituted MPcs [57, 58] . It is seen from Table 4 ). The common feature of these vibrations is their sensitivity to the nature of the metal ion (Tables 2 and 3 ). This fact agrees well with out-of-plane distortion of the Pc core in the complex of metal phthalocyanine and ammonia (vide infra). Moreover, most of the discussed bands are red shifted upon exposure to NH 3 , indicating that the corresponding normal coordinates become looser to some extent ( Table 2 ). Note that the observed shifts of these particular IR bands also give evidence that the ammonia forms a complex with MPcF 16 moiety at the axial coordination position of the metal ion.
The selected DFT optimized structural parameters of MPcF 16 complexes with ammonia along with the calculated energies of complex formation are given in Table 5 . It is worth mentioning that the calculated energetics of the complexes correlate well with metal-(ammonia) nitrogen bond lengths and, more importantly, with the sensor response measured by SPR technique (cf. Fig. 3 , Table 1 (Table 5 ).
To get more insight into the interplay between microscopic structure and sensor response of the films, we compared the MPcF 16 … NH 3 binding energies, shifts of IR bands, and refraction index changes (Fig. 7) . It is clearly seen that the energies of MPcF 16 … NH 3 complex formation (Table 5) , red shifts of wavenumbers of some IR bonds (Table 4) , and refractive index changes (Table 1) correlate well with each other (Fig. 7) . Thus, on the basis of these facts we propose the variation of wavenumbers of particular IR bonds upon exposure to an analyte to be a useful descriptor for a screening among promising (i.e., those with the most pronounced changes of sensor response upon NH 3 absorption) ammonia sensors.
Comparison with similar metal phthalocyanines 11
Note that the sensor performance towards ammonia of several metal phthalocyanine and porphyrin species have been reported [59] [60] [61] . More specifically, the effects of the central metal atom on gas sensor performance were measured electrically (resistivity changes were monitored) for thin films of tetra-(tert- Probably, more relevant to our case are the gas sensing properties of 2,9,16,23-tetrakis(2,2,3,3-tetrafluoropropoxy) metal(II) phthalocyanines (TFPMPc, M = Co, Zn, Cu, Pb, Pd, Ni), which have also been recently scrutinized [62] . It was shown that the electrical response of TFPMPc to ammonia vapor decreases in the row Co > Zn > Cu > Pb > Pd ~Ni, which correlates well with the DFT calculated binding energies of TFPMPc … NH 3 complexes: more specifically, the higher binding energy is, the more pronounced is the sensor response [62] . It is therefore instructive to compare these results with the findings of the present work: the sensor response order ZnPcF 16 Figure 7 ).
However, it should be clearly emphasized that the sensing response of a material is not solely determined by the bond strength between the central metals of the molecules of thin film and the analyte.
On the contrary, many other factors can contribute noticeably: e.g., the number of active sites in a layer, tiny details of sorption-desorption process and, particularly, thickness and morphology of the film.
Conclusion
In the present work, adsorption of ammonia vapor to the thin films of hexadecafluorinated 3d-metal (Cu(II), Co(II), Ni(II), Zn(II)) phthalocyanines was studied in situ using surface plasmon resonance (SPR) 937  937  953  952  947  944  955  957  E 
ZnPcF 16 … NH 3 -13. 
